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ABSTRACT
Linear Low Density Polyethylene (LLDPE) is thennoplastic resin that is used
widely in industry since it has good resistance to thennal stresses and environmental
stress cracking. Extrudate products of LLDPE are more prone to surface defects
resulting from flow instabilities during processing. Surface defects such as stripes and
melt fracture in LLDPE extrudate are the focus of present work. Extrudate of LLDPE
issuing from capillary and rectangular slit dies is examined to describe surface
distortions. The polymer flow is photographed and the digital gray-scale images are
analyzed to yield die swell and distortion wavelengths as functions of independent
properties. Measurements of extrudate exit diameters are made to quantify the effect
of die swell. At low processing rate, the surface of the extrudate is smooth for all the
die geometries considered. The onset of flow instability is observed at a critical value
of processing rate (Deborah number). Beyond the critical value of dimensionless flow
rate, the free surface of the jet becomes distorted, with the surface distortions in the
fonn of stripes and melt fracture. For the flow rates considered here, the wavelengths
of the stripes for the rectangular die were in the range of 0.02 to 0.04 (of die width)
and about 0.25 to 11 for melt fracture for the capillary die.
CHAPTER 1
INTRODUCTION
Polymers are hydrocarbons and display a variety of molecular structures and
have a wide range of applications from plastic containers, automobile parts and liquid
displays, to electronic packaging. The majority of polymer products are manufactured
by extrusion, injection molding or blow molding. The optical, physical and
mechanical properties and practical utility of these materials depends strongly on the
manufacturing conditions and deformation history during extrusion. Processing rates
may be limited by flow transitions induced by elastic effects. Such flow instabilities
can result in severe distortion of the exiting material and lead to worthless product
[ I ].
During extrusion, viscoelastic polymeric fluids, during extrusion, discharging
through capillaries or slits, are subject to flow instabilities. These instabilities lead to
surface distortions in the fonn of vertical grooves, sharkskin and melt fracture. Under
certain conditions, with increased flow rate, different polymer defects could appear
such as sharkskin and melt fractures. These defects are very detrimental to the
production of commercial polymeric products i.e. rods, pipes, sheets and other
products, because they limit the production rate in most polymer processes. Thus, the
study of the characterization of surface distortion and the possible controlling
mechanisms of these defects arc of interest to industrial as \\-ell as academic
researches.
.,
Of special interest are the mechanisms responsible for the three major surface
distortions of an extrudate discharging from a capillary die and slit die, namely, die
swell, sharkskin and melt fracture.
1.1 Die Swell
Die swell is a common flow phenomenon for viscoelastic fluid extrudate and
has been observed experimentally by many researchers. As shown in Figure 1.1,
when polymer melt emerges from a die the extrudate may swell to relax stresses so
that its cross section after it leaves the die is greater than that of the die orifice. For a
capillary die, the ratio of the exrudate diameter to the die diameter is known as the die
swell ratio, extrudate swell or swelling ratio. For a slit die, the relevant ratio is of the
thickness of the extrudate width of the slit.
The elasticity of the polymer melt is largely responsible for the swelling of the
extrudate upon leaving the die. This is primarily due to the elastic recovery of the
defoD11ation that the polymer experiencesjn the die. Th(?_ clastic recovery is time
dependent. A die with a short land length will have a large amount of swelling, while
a long land length will reduce the amount of swelling. The polymer has what is often
called a "fading memory". A defollllation can be recovered to a large extent shortly
after occurrence of the defollllation; ho\\'ever, after longer times the recoverable
defoD11ation reduces [2].
The swell occurs because pol)ll1eric tluids have extra stresses along and
n0I111al to the stream lines and once the tluid is outside the capillary this extra tension
can not be supported by the fluid surface tension alone and the fluid expands radially.
If an extrudate is cut at the die face the leading edge of the extrudate is convex,
indicating that the greatest expansion in the flow direction is near the wall where the
shear has been greatest. Generally, the extrusion swell is strongly dependent on the
rheological and flow properties of the liquid as well as other factors.
One of the main problems with extrudate swell is that it is generally not
uniformly distributed over the extrduate. This means that some areas of the extrudate
swell more than others. If the geometry of the exit flow channel of the die is made to
match the geometry of the required product, the uneven swelling will cause a
distortion of the extrudate and the required product geometry can not be obtained.
Therefore, the geometry of the exit flow channel must be generally different from the
required product geometry.
The amount of swelling is very much dependent Oil the nature of the material.
Some polymers exhibit considerable swell (100 to 300 percent), e.g. polyethylene;
other polymers exhibit lower swell, e.g., polyvinylchloride (PVC). When PVC is
extruded at relatively low temperatures (165°C to 175°C), the swell ranges only 10 to
20 percent [2].
Flow of polymer -+--...
/ Extrudate
I ~
v
-----~
Figure 1.1 Die swell, a manifestation of viscoelasticity in polymer melts, as depicted
here on exiting an extrusion die [10].
1.2 Sharkskin
In many polymer processing operations, the phenomenon commonly called
sharkskin appears to be the first limiting factor affecting production rates. It is often
described as a surface defect, characterized by a small scale and high frequency
roughness. As shown in Figure 1.2, many researchers have been interested in the
subject and thorough reviews on polymer flow instability have been written in the last
30 years. Sharkskin is basically an exit phenomenon and two possible explanations of
its occurrence haye been suggested.
One explanation associates the yisual appearance of this defect \\'jth a loss of
adhesion at the pol)l11er-\\'all interface. This explanation is based on the fact that. for
yarious polyethylenes. the flow curyes show a discontinuity and a slope change for
regimes in which sharkskin can be obserYCd yisually. This result led the researchers
to associate the visual appearance of this defect with a loss of adhesion at the
polymer-wall interface. However, it should be noted that roughness quantification
shows that extrudate is indeed rough before visual observation of sharkskin can be
made. In addition, a study by EI Kissi and Piau [3], carried out with linear low density
polyethylene shows that the change of slope of flow curves under sharkskin regimes
can be related to shear thinning. It thus appears that during flow regimes with
sharkskin the polymer essentially sticks to the wall and the adhesion hypothesis could
be questionable.
The second possible explanation claims that sharkskin results from the
cracking of the fluid at the die exit under the action of the high tensile stress. As
pressure rises, these cracks grow and penetrate deeper into the extrudate. The
sharpness of the crack is said to depend on the fluid used [4].
The sharkskin problem can generally be reduced by decreasing the extrusion
velocity and increasing the die temperature, particularly at the land section. Selection
of polymer with a broad molecular weight distribution (MWD) will also be beneficial
in reducing sharkskin. Using an extemallubricant can also reduce the problem [2].
\ -.'
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Figure 1.2 Digitized images of extrudate samples exhibiting: (a) sharkskin and (b)
gross melt fracture [11].
1.3 Melt Fracture
Melt fracture is an unstable phenomenon that occurs beyond a critical
Deborah Number (De), for extrudate from a capillary or dies. As shown in Figure 1.2
and 1.3, melt fracture is a complex phenomenon and may involve several independent
mechanisms. In general, it is strongly affected by the rheological properties and the
molecular structure of the polymer considered.
According to one h)1)othesis, melt fracture could be initiated by "slip" at the
capilIary or die wall. This has been supported by many experimental investigations. A
series of pictures was taken by Benbow and Lamp [5] and showed that slip actually
occurred for silicon gums flowing through an acrylic die. Other researchers Tordella
[6] and Bagley [7], gave other explanations; such as the elongation stresses in the
pOl)ll1eric fluid. Based on his experimental observations in contraction. White [8].
relates melt fracture to the instability initiated in the form of "spiral flow" at the
contraction due to curved stream lines and related effects.
Piau et al. [9] have made one of the better documentations of melt fracture
phenomena with their experiments. They suggest that the onset of melt fracture for
various fluids used corresponded to different critical values of the stress. However,
the shear stress at the wall depends on t~1e fluid considered, and remains independent
of the length and diameter of the die. Additionally, the upstream flow was seen to be
unstable when the melt fracture occurred indicating propagation of instabilities
upstream. They report the onset of instabilities in the fonn of jerky pulsation with
backllows that gradually extend over the whole upstream field, which finally looses
its symmetry. This clearly seems to relate the dependence melt fracture to lip vortex
and sudden contraction instabilities.
Figure 1.3 Different shapes of melt fracture.
s
1.4 Stripes
The stripe instability consists of several vertical grooves along the
longitudinal direction on the surface of the free jet. The stripes are generated at and
around the exit and extend downstream vanishing gradually. Decades ago, such
stripes were observed in melts of nylon-6 (PerIon) discharging vertically from a
monofilament spinneret [12]. There were no explanations for the effect and the
phenomenon was not analyzed further. Approximately ten years later, Giesekus [13]
reported the same defects with polymer solutions of high molecular weight such as
polyisobutylene discharging from a circular tube with a length to diameter (LID) ratio
of 18.75. Giesekus hypothesis that the occurrence of stripes is a consequence of the
periodic pressure variation associated with instabilities of cellular type in pipe flows.
A more extensive observation of the stripes through orifice dies was done by
Piau et a1. [9] Four kinds of silicon fluids (Polydimethylsiloxanes, PDMS) with
differeqt molecular weights, (M = 131,000 - 428,000), were studied for jets
discharging from three different types of orifices. It is important to note that these
experiments were conducted with sudden contraction orifices with large pressure
drops across the orifice. Each of the POMS fluids had different critical Weissenberg
numbers for the occurrence of stripes. The stripes increase in severity and number
\\'ith extrusion pressure, and gro\\' gradually till the whole jet surface is invaded. It
seems that the conditions and the pattems of the stripes are associated \\'ith flo\\' rate.
extrusion pressure and properties of the fluid used. They reported no instabilities
9
upstream of the orifice while stripes appear on the extrusion surface, thus implying
lack of interdependency [1].
Stripes formed in the extrudate of Boger fluid at different Deborah Numbers
are shown in Figure 1.4 [1]
(a) (11)
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Figure 1.4 Gray-scale images of the yiscoelastic jets issuing from along capillary of
Radills= 4.47 mm. Images shown for different yallles of Deborah number of {a) 0.11.
{b) 0.12. {c) 0.66. (d) 5.03. (c) 9.03. (0 15.5S [1].
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1.5 Scope of Present Work
The present work consists of an experimental investigation of Linear Low
Density Polyethylene extrusion from capillary and slit dies. The experiments are
perfom1ed at three different temperatures 160c C, 190cC and 210ce and also at
different flow value~ (extruder screw speeds from 10 rpm to 70 rpm.) Different
/'
capillary and slit dies are used to characterize LLDPE flow. A set of brass bolts are
machined with diameters of 1 mm, 0.4 mm and Ix 8.5mm with diameter to length
(LID) ratios of 15, 15 and 0.235, respectively. is used as capillary and slit dies.
Surface defects mentioned earlier were observed and also quantified. Surface
characterization of the LLDPE extrudate was made photographically and image
analysis was used to study surface distortions in LLDPE extrudate.
Details of experimental set-up, including the geometries of the capillary and
slit dies, are described in Scction 2.1. In Section 2.2 rhcological and mechanical
properties of LLDPE are describcd. Deborah Numbcr (De, V representing the flow
rate or processing rate) which was presented as a primary independcnt parameter for
our results is defined in the experiments. In scction 2.3 and Scction 2.4, the
measurcment techniques such as image processing and Fast Fourier Transfonn
proccdurcs lIscd for se\'cral of the mcasurements arc dcscribed.
Rcsults including the surfacc imagcs are prcscntcd 111 Chaptcr 3 and
conclusions are prescnted in Chaptcr 4. Images takcn during thc experimcnts \\-ere
prcscnted at thc Appcndix A.
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CHAPTER 2
EXPERIMENTAL METHODS
2.1 Single Screw Extrusion Process
Extrusion is one of the fundamental shaping processes, for metals, ceramics
and polymers. Extrusion is a compression process in which material is forced to flow
through a die orifice to provide long continuous product whose cross-sectional shape
is detem1ined by the shape of the orifice. As a polymer-shaping process, it is widely
used for thennoplastics and elastomers (but rarely for themlOsets) to mass
manufacture products such as tubing, pipes, hose, structural shapes (window and door
molding), sheet and film, continuous filaments and coated electrical wire and cable.
For these types of products, extrusion is carried out as a continuous process; the
extrudate is subsequently cut into desired lengths.
In polymer extrusion, feedstock in pellet or powder fonn is fed into an
extruder barrel where it is heated and melted and forced to flow through a die opening
by means of a rotating screw as illustrated in Figure 2.1. The die is not a component
of the extruder; it is a special tool that must be fabricated for the particular profile to
be produced.
The internal diameter of the extruder barrel typically ranges from 25 to 150
mm. The barrcl is long rclatiyc to its diamctcr. with liD ratios usually bctwccn 10
and 30. Thc highcr ratios arc uscd for thcnnoplastic matcrials. ,,-hilc lowcr liD
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Figure 2.1 Components and features of a single screw extruder for plastics [10].
values are used with elastomers. A hopper containing the feedstock is located at the
end of the barrel opposite the die. The pellets are fed by gravity onto the rotating
screw whose tuming moves the material along the barrel. Electric heaters are utilized
to initially melt the solid pellets; subsequent mixing and mechanical working of the
material generates additional heat, which maintains the melt. In some cases, enough
heat is supplied through the mixing and shearing action that extemal heating is not
required. Indeed, in some cases the barrel must be extemally cooled in order to
prevent overheating of the polymer.
The material is conveyed through the barrel toward the die opening by the
action of the extruder screw, which rotates at desired rpms. The screw serves several
functions and is divided into sections that correspond to these functions. The sections
and functions are (1) feed section. in which the stock is moved from the hopper port
and preheated; (2) compression section. ,,-here the pol)ll1er is transfonned into liquid
consistency. air entrapped amongst the pellet is extracted from the melt. and the
material is compressed; and (3) metering section, in which the melt is homogenized
and sufficient pressure is developed to pump it through the die opening.
The operation of the screw is determined by its geometry and speed of
rotation. A typical extruder screw is depicted in Figure 2.2. The screw consists of
spiraled "flights" (threads) with channels between them through which the polymer
melt is moved. The channel has a width We and depth de. As the screw rotates, the
flights push the material forward through the channel from the hopper end of the
barrel toward the die. Although not discernible from the Figure 2.2, the flight
diameter is smaller than the barrel diameter D by a very small clearance-around 0.05
mm. The small clearance limits leakage of the melt backward to the trailing channel.
The flight land has a width wfand is made of hardened steel to resist wear as it turns
and rubs against the inside of the barrel.
Direction of melt flow
\
, '- Cllanncl
\LFligllt
/~
w.
'~
~--
Barrel~ I
\ .. ·Pitchp-
Se,"w~ r--...:\-..,....,.....~ - -t--::-"\
\
. /
Figure 2.2 Details of 3n cxtrudcr serc\\' inside the barrel [10].
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In the present experimental work, a C. W. Brabender %" Laboratory Single
Screw Extruder was used. The diameter of the barrel is 19.17 mm with a length of
476.25 mm. Screw diameter is 19.05 mm and length is 476.25 mm. Extruder is
equipped with a temperature control and an adjustable speed drive motor.
Temperature controls enable us to set a desired heating zone temperature on the
barrel. Screw speed is controlled by a 3 HP (2.24 kW) adjustable speed drive motor.
Detailed technical specifications for the single screw extruder used are shown in
Table 2.1.
Extruder Screw Length 476.25 mm
Extruder Screw Diameter 19.05 mm
Screw Compression Ratio (LID) 25:1
Barrel Length 476.25 m
Barrel Inner Diameter 19.17 mm
Barrel Length / Barrel Diameter Ratio 25:1
Barrel Intemal Surface Area 28,502 mm2
Barrel Volume without Screw 137,160 mm3
Number of Heat Zones 3
Watts per Zone 1,000 W
Amps per Zone 4.3 A
Adjustable Speed Drive Motor 3 HP (2.24 kW)
Power Requirements 230 V, Sinqle Phase
Table 2.1 Specifications of single screw extruder used in the experiments.
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To enable instantaneous pressure measurements, a melt pressure transducer
capable of measuring of 10,000 psig is used along with a Micro Data Logger,
pressure information is transferred to computer. Pressure measurement data during
the extrusion are presented in the following sections. Material fed from the hopper in
the extruder moves through the barrel with the help of the screw. A vertical rod die
with a diameter of 25.4 mm. was attached to the end of the barrel. Since, the aim of
the research is to visualize the polymer melt extrudates at high Deborah Numbers
thus, small diameters and a slit custom made dies at different dimensions were used.
A set of brass bolts machined with 1 mm, 0.4 mm diameter capillaries and Ix 8.5 mm
ratio of diameter to length (LID) of 15, 15 and 0.235 respectively were used (Figures
2.3 to 2.5). Dies (bolts) are attached to the end of the main extruder body.
16
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Figure 2.3 Technical properties of brass dies (made in bolts).
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Figure 2.4 Custom made brass dies (in bolt bodies), a) lx8.5mm, b) D = O.4mm,
c) D = Imm.
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Figurc 2,5 A "ic\\' of single serc\\' cxtruder used in the experiments and its details,
IS
2.2 Test Fluid Rheology
The po.lymer used in the extrusion experiments was LLDPE (DOWLEX
2045), provided by Dow Plastics USA Inc. This material had a reported melt index of
1.0, mass (weight) averaged molecular weight of 118,000 and a polydispersity of
3.93. Extrusion experiments were carried out at 160°C, 190°C and 210°C on a %
Single Screw Laboratory Extruder described earlier.
Rheological testing of LLDPE used for the present study was performed using
a Rheometric Scientific Rheometer. A cone and plate geometry with a 25 mm
diameter plate and cone with a cone angle of 0.1 rad and gap set equal to 0.0584 mm
is used for rheological testing.
Analysis of viscoeleastic flow is complex due to the elastic nature of the fluid,
which is indicated by a non-zero nonnal stress difference (N 1 and N2) for the fluid in
a pure shear flow. N1= all - a22 and N2= a22 - a33 where all. a22 and a33 represents the
nonnal stresscs in thc x, y and z directions in a Cartesian coordinate systcm,
respectively. This is manifested as elastic or nomlal stress cffects in viscoelastic
fluids, whereas the nomlal stress differcncc arc zcro for Ncwtonian fluids in a purc
shcar flow.
A Ncwtonian flow is characterizcd by thc Rcynolds number (Rc), which is thc
ratio ofincrtial forces to the \"iscous forces acting on a fluid particle and defined as
pVLRe=--,
,ll
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where p is the density of the fluid, V is the flow velocity, L is the characteristic length
and Jl is the fluid dynamic viscosity. Since the Reynolds numbers in the flow of
polymeric melts considered here are very small (i.e. Re«l or creeping flow), the
contribution from inertial effects is negligible. An analogous dimensionless number
for viscoelastic creeping flow Is the Deborah number (De), which is the ratio of
elastic forces to the viscous forces acting on the fluid and is defined as
De =;., = ;.,v
t L
where f,. is the characteristic relaxation time, which describes the rheological
properties of the fluid. t is the characteristic time of the flow process, which is defined
as the inverse of the defonnation rate, 'Y = VIL, where V is the characteristic velocity
of the flow and L is the characteristic length of the pertinent geometric parameter.
The characteristic velocity in the present study is chosen to be average velocity in the
capillary. The relaxation time, f,. can be defined as
VII = N1 I r2 is the first nonnal stress coefficient and '1 is the dynamic viscosity of the
polymer. Since the elastic nature of the fluid is govemed by nonnal stress differences
and lj/J is proportional to N1 , the relaxation time also a measure of the elasticity of
the fluid. If stress is applied on a fluid and is suddenly remo\Td, for Newtonian flow,
the fluid would immediately retum to the original state. For pol)l11crs. the fluid will
retum to the original stress state more gradually. The time required for the fluid to
reach 90~ 0 of the original state of stress is indicated by;. , the relaxation time.
~o
·The De represents the viscoelastic state of the fluid under gIven flow
conditions: As De~ 0, viscous effects dominate over the elastic effects and the flow
becomes essentially Newtonian. When the De nears unity, the elasticity of the fluid
will significantly influence the flow behavior. Conversely, as De~ ro, the elastic
effects dominate the flow and the fluid behaves more like a pure elastic medium. For
many polymer processes, a critical De can be identified below which flow
instabilities will be minimal. The critical value can vary depending on the details of
the polymer process. Rheological properties as well as the geometrical shape of the
processing die play a role in detemlining the critical De. Therefore, for many
industrial applications the De is kept small to prevent any flow instabilities that can
produce an inconsistent product.
In order to calculate the relaxation time and Deborah number, viscoelastic
properties of LLDPE melt were measured for steady shear on a Rheometric Scientific
Rheometer using cone and plate geometry. The specifications of the rheometer were
given at the beginning of this chapter.- A series of steady-shear flow tests and small-
amplitude oscillatory shear flow tests were conducted at three different temperatures,
160°C, 190°C and 210°C and the results are presented here. The relevant rheological
properties are plotted in Figures 2.6, 2.7 and 2.8. The plots indicate that the viscosity
1/(,) and first nonnal stress coefficient \1'lY) are nonlinear with respect to ,\UJ), where
)' is the rate of defonnation and UJ is the frequency. Due to the experimental
difficulties and experimental limitations. the rheometer allowed us to obtain the
viscosity and first nonnal stress coefficient over only for ycry 10\\' range of shear
21
rates. Since the extrusion process occurs at high shear rates, we needed to detennine
the values of viscosity and first nonnal stress coefficient at high shear rates. Starting
with the measured date, an extrapolation has been made in order to calculate the
relaxation time and Deborah number at the desired shear rates.
Rheological Properties of LLDPE at 160'C
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Figure 2.6 Rheological properties of LLDPE at 160°C. The dots denote extrapolated
values.
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Rheological Properties of LLDPE at 190'C
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Figure 2.7 Rheological properties of LLDPE at 190°C. The dots denote extrapolated
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Rheological Properties of LLDPE at 210'C
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Figure 2.S Rheological properties of LLDPE at 21 Occ. The dots denote extrapolated
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The mass flow nite of the flow and the average velocity need to be determined
to establish the Deborah number. The mass flow rate of extrudate at different screw
speeds during extrusion process was determined to calculate the volumetric flow rate.
With the heating zones of the extruder set to 160°C and with the I mm capillary die
installed the extrudate was collected for mass flow rate. Also a pressure transducer
was installed on the extruder manifold close to the capillary die. Location of
transducer is indicated in Figure 2.5. The hopper is filled with approximately 25
grams LLDPE and kept there until the heating zones reached the desired temperature.
Mass flow measurements were done starting from an extruder speed of 10 rpm,
incremented 5 rpm each time up to 50 rpm, above 50 rpm, screw speed is
incremented by 10 rpm up to 70 rpm at various fixed temperature used in the
experiments.. With the help of a scissors, extrudate flow stream was cut 1" below of
the die exit, while starting the stopwatch at the same time. After 3 minutes, the
extrudate was cut again at the same distance below the die. The cut extrudate was
collected and weighed using an electronic scale. The elapsed time between cuts,
extrudate mass and pressure at the die inlet was recorded, and was used to detennine
the flow rates for the three temperatures at 160°C 190°C and 21 oce. The results of
these measurements arc presented in Tables 2.2 - 2.10.
According to the manufacturer (Dow Chemicals Inc.), the density of the
LLDPE at room temperature (where it is semi crystalline) is reported to be p = 855
kg im3• Since the experimcnts were conducted at higher temperaturcs. LlDPE "'ill bc
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in melt fonn and the density will be completely different. To calculate the melt
density of LLDPE at high temperatures, following expression was used:
p=855xlO-3 x[1+75xlO-s x(T-25)r l
where,
p= density (gr/cm3) and T= temperature (0C),
By using the above, the density of LLDPE at 160°C, 190°C and 210 °C is calculated
to be:
P160'C =855xlO-3 x[1+75xlO-s x(l60-25)r l = 776kg/l1l J
P
I90
'
C
=855xIO-3 x[1+75xIO-s x(l90-25)t =761kg/m J
P
2IO' C
=855xlO-3 x[1+75xlO-s x(210-25)r l = 751kg/11l 3
The mass of the extrudate collected and the elapsed time is used to calculate
the volumetric now rate, Q.
MQ=-,
PX!
where, M is the mass of LLDPE extrudate, t is the time and p is the density of the
LLDPE. Since the dimension D of the dic cxit is known, the avcragc velocity, V, for a
givcn now rate can be detcnnincd.
v = 4xQ
irx D2 '
It is obvious that by increasing thc sercw spccd, wc gct highcr vclocitics and
shcar fate at thc die cxit. As wc incrcase the ratc of shcaring (i.e. cxtrudc faster). thc
viscosity dccrcascs due to shcar thinning. This reduction of viscosity is duc to
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molecular alignments and disentanglements of the long polymer chains. The higher
the shear rate, the easier it is to force polymers to flow through dies. During single
screw extrusion, shear rates may reach 200 S·1 in the screw channel near barrel wall,
and much higher between the flight tips and barrel. At the lip of the die shear rate can
be as high as 1,000 S·l. Since we calculated the velocity of the extrudate at the die
exit, we can detemline the shear rate at the die exit as well.
In Tables 2.2 - 2.10, shear rates at die lip are shown for the various screw
speeds.
In our rheological measurements, rheometcr pennitted the mcasurcmcnt of the
viscoelastic properties of LLDPE at low shcar rates only. In the cxpcriment with thc
extruder, it is seen that the shear rate at the die lip is quite high. Relaxation timc and
Deborah number are evaluated at the actual shear rates. In order to detcnnine thc
values of lJ('Y) and \jll('Y) at high shear rates, we extrapolated the data obtaincd from
rheometer (Figure 2.6, 2.7 and 2.8). The rcsults are given in Tables 2.2 - 2.10 for
three different dies and three temperatures.
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T= 160°C D= 1mm L= 15 mm UD= 15 p= 0.776 gr/em3 t= 180 s
Serew
Speed M Q V y 4'1 /] Ii De
(Rpm) (gr) (em3/s) (em/s) (S·l) (Pa·s2) (Pa·s) (s)
10 14.2 0.102 12.937 129 1,597 5,773 0.14 17.90
15 21.3 0.152 19.406 194 1,065 5,534 0.10 18.67
20 27.1 0.194 24.690 247 837 5,396 0.08 19.15
25 35.8 0.256 32.617 326 634 5,241 0.06 19.71
30 40.7 0.291 37.081 371 557 5,171 0.05 19.98
35 47.9 0.343 43.641 436 474 5,084 0.05 20.32
40 56.6 0.405 51.567 516 401 4,996 0.04 20.68
45 64.7 0.463 58.947 589 351 4,927 0.04 20.97
50 70.2 0.502 63.958 640 323 4,885 0.03 21.15
60 82.5 0.590 75.164 752 275 4,803 0.03 21.51
70 96.1 0.688 87.555 876 236 4,727 0.02 21.86
Table 2.2 Flow properties and rheological parameters of LLDPE at 160°C, 0 = 1mm.
T= 190·C D= 1mm L= 15 mm LlD= 15 p= 0.761 gr/em 3 t= 180 s
Serew
Speed M Q V y 4'1 /] Ii De
(Rpm) (gr) (em3/s) (em/s) (S·l) (Pa-s2 ) (Pa·s) (s)
10 11.1 0.081 10.320 103 95 6,138 0.008 0.80
15 17.3 0.126 16.084 161 61 6,028 0.005 0.81
20 25.8 0.188 23.986 240 41 5,930 0.003 0.82
25 32.2 0.235 29.936 299 33 5,877 0.003 0.83
30 40.6 0.296 37.746 377 26 5,821 0.002 0.84
35 46.6 0.340 43.324 433 23 5,788 0.002 0.84
40 52.0 0.380 48.344 483 20 5,762 0.002 0.85
45 57.8 0.422 53.736 537 18 5,738 0.002 0.85
50 65.7 0.480 61.081 611 16 5,708 0.001 0.86
60 77.7 0.567 72.237 722 14 5,669 0.001 0.86
70 93.0 0.679 86.462 865 11 5,627 0.001 0.87
Table 2.3 Flow properties and rhcological paramctcrs of LLDPE at 190°C, 0 = Imm.
,.,
_i
T= 210°C D= 1mm L= 15 mm UD= 15 p= 0.751 gr/em 3 t= 180 5
Screw
Speed M Q V y 4J1 'I A De
(Rpm) (Qr) (em3/s) (em/s) (5,1) (Pa-s2) (Pa-s) (5)
10 10.4 0.077 9.798 98 124 2,446 0.025 2.48
15 16.3 0.121 15.356 154 79 2,237 0.018 2.71
20 22.4 0.166 21.103 211 57 2,101 0.014 2.89
25 27.2 0.201 25.625 256 47 2,021 0.012 3.00
30 33.6 0.249 31.655 317 38 1,938 0.010 3.13
35 40.4 0.299 38.061 381 32 1,869 0.009 3.25
40 49.8 0.368 46.917 469 26 1,793 0.007 3.38
45 55.7 0.412 52.475 525 23 1,754 0.007 3.46
50 61.0 0.451 57.468 575 21 1,722 0.006 3.52
60 76.1 0.563 71.694 717 17 1,648 0.005 3.68
70 88.4 0.654 83.282 833 15 1,600 0.005 3.79
Table 2.4 Flow properties and rheological parameters of LLDPE at 210°C, D = Imm.
T= 160°C D=0.4mm L= 6 mm UD= 15 p= 0.776 gr/em 3 t= 180 5
Screw
Speed M Q V y 4J1 'I A De
(5,1)
(Pa-
(Rpm) (gr) (em 3/s) (em/s) (Pa-s2) 5) (5)
10 11.5 0.082 65.484 1,637.10 126 4,427 0.014 23.34
15 18.0 0.129 102.497 2,562.42 81 4,225 0.010 24.46
20 21.8 0.156 124.135 3,103.37 67 4,141 0.008 24.95
25 28.7 0.205 163.425 4,085.63 51 4,023 0.006 25.68
30 35.5 0.254 202.146 5,053.66 41 3,935 0.005 26.26
35 40.2 0.288 228.909 5,722.73 36 3,884 0.005 26.60
40 46.9 0.336 267.061 6,676.52 31 3,822 I 0.004 27.03
45 50.8 0.364 289.269 7,231.71 29 3,790 I 0.004 27.26
50 57.8 0.414 329.128 8,228.21 25 3,739 I 0.003 27.63
60 68.3 0.489 388.918 9,722.95 I 21 I 3,675 0.003 28.12
I 70 81.4 0.582 463.513 I 11,587.82 18 3,608 I 0.002 28.64
Tablc 2.5 Flo\\' propcrtlcs and rhcologlcal paramctcrs of LLDPE at IGO°C, D=0.4111111
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T= 190°C D=O.4mm L= 6 mm LlD= 15 p= 0.761 gr/em3 t= 180 s
Serew
Speed M Q V y 4-'1 '7 A De
(Rpm) (Qr) (;m3/s) (em!s) (S·1) (Pa-s2) (Pa-s) (s)
10 9.20 0.067 53.458 1,336 7.31 5,528 0.0007 0.88
15 16.90 0.123 98.199 2,455 3.98 5,392 0.0004 0.91
20 18.30 0.134 106.334 2,658 3.68 5,374 0.0003 0.91
25 25.00 0.183 145.265 3,632 2.69 5,306 0.0003 0.92
30 31.10 0.227 180.710 4,518 2.16 5,259 0.0002 0.93
35 37.80 0.276 219.641 5,491 1.78 5,217 0.0002 0.94
40 43.40 0.317 252.180 6,305 1.55 5,188 0.0001 0.94
45 47.60 0.348 276.585 6,915 1.41 5,168 0.0001 0.95
50 54.00 0.394 313.773 7,844 1.25 5,142 0.0001 0.95
60 65.90 0:481 382.919 9,573 1.02 5,100 0.0001 0.96
70 78.30 0.572 454.970 11,374 0.86 5,064 0.0001 0.96
Table 2.6 Flow properties and rheological parameters of LLDPE at 190°C, D= O.4mm
T= 210°C D=O.4mm L= 6 mm LlD= 15 p= 0.751 gr/em 3 t= 180 s
Serew
Speed M Q V y 4'1 '7 A De
(Rpm) (gr) (em 3/s) (em/s) (~'1) (Pa-s2) (Pa-s) (s)
10 6.90 0.051 40.628 1,015.71 11.94 1,538 0.004 3.94
15 11.50 0.085 67.714 1,692.85 7.17 1,390 0.003 4.36
20 16.40 0.121 96.566 2,414.15 5.03 1,296 0.002 4.68
25 22.40 0.166 131.895 3,297.37 3.68 1,218 0.002 4.98
30 29.30 0.217 172.523 4,313.08 2.81 1,155 0.001 5.25
35 34.90 0.258 205.497 5,137.42 2.36 1,116 0.001 5.44
40 39.10 0.289 230.227 5,755.68 2.11 1,091 0.001 5.56
45 45.10 0.334 265.556 6,638.91 1.83 1,060 0.001 5.72
50 51.70 0.383 304.418 7,610.45 1.59 1,032 0.001 5.88
60 62.70 0.464 369.188 9,229.70 1.31 993 0.001 6.11
70 75.60 0.559 445.145 11,128.63 1.09 957 0.001 6.34
Table 2.7 Flow properties and rheological parameters of LLDPE at 21 ooe, 0= O.4mm
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1 x 8.5 mm
T=160°C Slit Die p = 0.776 gr/em3 t=180 5
Serew
Speed M Q V y 4-'1 f] Ii De
(Rpm) (gr) (em 3/s) (em/s) (S·l) lPa-s2 ) lPa-s) (5)
10 20.90 0.150 1.759 0.41 486,976 10,529 23.124 9.57
15 28.00 0.200 2.357 0.55 365,802 10,212 17.910 9.93
20 36.40 0.260 3.064 0.72 282,592 9,936 14.221 10.25
25 45.50 0.326 3.830 0.90 226,717 9,707 11.679 10.53
30 55.10 0.394 4.639 1.09 187,587 9,514 9.858 10.76
35 64.70 0.463 5.447 1.28 159,975 9,356 8.550 10.96
40 73.00 0.522 6.145 1.45 141,914 9,238 7.681 11.11
45 82.30 0.589 6.928 1.63 125,978 9,123 6.904 11.26
50 92.70 0.663 7.804 1.84 111,923 9,010 6.211 11.40
60 110.70 0.792 9.319 2.19 93,809 8,845 5.303 11.63
70 131.80 0.943 11.095 2.61 78,849 8,685 4.540 11.85
Table 2.8 Flow properties and rheological parameters of LLDPE at 160°C, 1x 8.5111111.
T= 1 x 8.5 mm
190°C Slit Die p = 0.761 gr/cm 3 t=180 5
Serew
Speed M Q V y 4-'1 f] Ii De
(Rpm) (gr) (em3/s) (em/s) (S·l) (Pa-s2) (Pa-s) (5)
10 18.80 0.137 1.615 0.38 19,926 7,719 1.291 0.490
15 28.00 0.204 2.405 0.57 14,656 7,595 0.965 0.546
20 36.70 0.268 3.153 0.74 11,654 7,511 0.776 0.576
25 45.80 0.334 3.934 0.93 9,581 7,443 0.644 0.596
30 58.10 0.424 4.991 1.17 7,715 7,371 0.523 0.615
35 68.10 0.497 5.850 1.38 6,658 7,323 0.455 0.626
40 76.10 0.556 6.537 1.54 6,000 7,290 0.411 0.633
45 83.50 0.610 7.173 1.69 5,497 7,263 0.378 0.639
50 91.70 0.670 7.877 1.85 5,029 7,235 0.348 0.644
60 108.30 0.791 9.303 2.19 4,290 7,186 0.298 0.653
70 130.00 0.949 11.167 2.63 3,598 7,132 0.252 0.663
Tablc 2.9 Flo\\' propertlcs and rhcologlcal paramctcrs of LLDPE at 190°C, 1 x 8.5111111
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T= 1 x 8.5 mm
210°C Slit Die p = 0.751 gr/em3 t=180 s
Serew
Speed M Q V y 4-'1 f] A De
(Rpm) (gr) (em3/s) (em/s) (S·1) (Pa-s2) (Pa-s) (s)
10 18.20 0.135 1.584 0.37 27,166 7,378 1.841 0.69
15 28.10 0.208 2.446 0.58 18,823 6,770 1.390 0.80
20 37.50 0.277 3.264 0.77 14,528 6,393 1.136 0.87
25 46.20 0.342 4.022 0.95 11,986 6,134 0.977 0.92
30 56.30 0.417 4.901 1.15 9,959 5,899 0.844 0.97
35 65.70 0.486 5.719 1.35 8,603 5,721 0.752 1.01
40 72.20 0.534 6.285 1.48 7,862 5,615 0.700 1.04
45 81.60 0.604 7.103 1.67 6,991 5,480 0.638 1.07
50 89.90 0.665 7.826 1.84 6,368 5,376 0.592 1.09
60 114.50 0.847 9.967 2.35 5,037 5,124 0.491 1.15
70 126.30 0.935 10.994 2.59 4,578 5,026 0.455 1.18
Table 2.10 Flow properties and rheological parameters of LLDPE at 210°C, 1 x 8.5 mm.
2.3 Diameter Measurements of the Extrusion
The diameter of extrudate was measured downstream of the die. Figure 2.9
shows the coordinate system used for the capillary and slit die experiments. Z is the
axial position in the flow direction and <I> is the radial direction.
In the experiments, to obtain the actual size of the extrusion diameter (d) from
the photographs, a ruler in the photographs was used to calculate the magnification
factor. The pixel numbers (Np) corresponding to the length on the ruler from the
JPEG file was used to compute the magnification factor (f) as following,
"'here f is in mm/Pixel. The pixel number of the edge of the LLDPE cxtrudate (Nc)
~<1n be uscd to detenlline the jet diameter d at any Z locations as.
d =.\. xl
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The procedure to find the dimensions of LLDPE in the slit experiments is the
same as for the capillary one.
Figure 2.9 The coordinate system for the capillary die experiment.
Figure 2.10 The coordinate system fOf the slit die experiment.
2.4 Measurement and Analysis of Melt Fracture on the Extrusion
Extrude out of the die is photographed to quantify the nature of flow,
particularly at high extrusion speeds (Deborah numbers). Lighting conditions are
important in generating accurate photographs and true quantitative results. The
discrete Fast Fourier transfonn can be used to obtain quantitative wave number
infonnation from the photographs for the periodically spaced surface distortion. A
plot of the power spectrum (square of the results from FFT) versus dimensionless
axial distance Z (Z = z / die diameter), or ¢ the width of the extrudate can not only
help us estimate the length of melt fracture. but also can provide us the infonnation
about the type of motion appearing on the surface.
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For a continuous function f(x) that is discretized into a sequence by taking N
data samples x apart, as shown in Figure 2.11 [14], the discrete FFT pair that applies
to sampled function is given by
1 N-I
F(u) = - If(x)[-)2mlxl N]
N .I~O
for u = 0, 1,2, ... , N-1, with) =~ ,and
N-I
f(x) =IF(Il)exp[j2mo~1 N]
U~O
for x = 0, I, 2, ... , N-1. Because the function f(x) is real in the experiment, the FFT of
f(x) is generally complex; that is
F(u) =R(ll) + )/(u)
where R(u) and leu) are real and imaginary components ofF(u), respectively. The
power spectrum of f(x) can be expressed as
The wavelength of melt fracture is detennined by perfonning FFT on the
discrete data from dimensionless diameter of jet, <P, from the digital images. The
result of FFT, power spectrum, is plotted over Z, dimensionless axial position of
extrudate to relate these to actual z values. The peak values in the plot correspond to
the dominant wave length of interest. The dimensionless number is multiplied by the
die diamcter. The result will be the actual dominant wavelength of the melt fracture
on the extrudate jet. The rcsults are presented in the following chapter.
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Figure 2.11 Sampling a continuous function [14].
An example output for D = 0.4 mm, T = 160°C, and De = 23.34 is shown in
Figure 2.12 to illustrate how the FFT has been used. First the dimensionless measured
diameter of the jet, <I>, is plotted against dimensionless axial position of extrudate, Z.
Every effort has been made to ensure measurements such that the dominant wave
lengths for the melt fracture are captured. Due to practical limitations some smaller
wavelength infonnation could be lost in the process. The <I> data was the discrete data
input into MATLAB for computing FFT and the power spectrum. For example shown
in Figure 2.12, the value of Zp (in Figure 2.13), corresponding to the peak of the
power spectrum, is 4.38. The diameter of the die for this specific experiment was D =
0.4 mm thus wavelength of interest z is
z = 4.38 x 0.4 = 1.75 111m
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Capillary Ole, 0= 0.4 mm, T= 160·C
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Figure 2.12 Profile of the extrudate as a function of vertical position from the die exit
~t Dc = 23.34, 0 = 0.4 mm, T = 160°C. Symbols refer to the experimental values and
lines refer to the trend lines.
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Figure 2.13 Power Spectru111 of the profile 5ho\\"n in Figure 2.12 for De = 23.34.
o = 0.4 111111. T = l60CC.
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From Figure 2.14, it can be seen that the extrudate has melt fracture on the
surface. It can be observed (even by naked eye) that the fom1ation of the melt fracture
is not uniform for the current flow conditions. Despite that the wavelength calculated
from FFT of 1.75 mm is close to wavelength for the melt fracture shown in Figure
2.14.
Figure 2.14 Image of the extrudate issuing from D = 0.4 mm at T = 160°C, De =
23.34.
.,-
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CHAPTER 3
RESULTS
Results of photographic measurements are presented in this section for a range
flow conditions. Detailed spatial structure of the free surface of the LLDPE extrudate
emanating from different size dies is presented. The critical conditions for the onset
of the die swell melt fracture, sharkskin and stripe instabilities are documented.
Surface distortions of various types and their spatial characteristics are presented for
various flow rates (Deborah number), die diameters, shapes and temperatures.
3.1 Extrudate Discharging from Capillary and Slit Dies
Extrusion data for Linear Low Density Polyethylene (LLDPE) through three
different dies and at three different temperatures are presented. Complete set of
digital images of extrudate discharging from the capillary and slit dies are shown in
the Appendix A. For all Deborah numbers used here, it is observed that the diameter
of the extrudate at any point along the axis of jet is greater than the diameter of the
capillary at the die exit. This is referred to die-swell, and is as a result of clastic
nonnal stresses. This phenomenon is also known as Weisscnberg effect in literature.
Extrudate surface characteristics are presented below.
The free surface profiles of the extrudates discharging from capillary and slit
dies are shown in Figures 3.1 to 3.9 for yarious yalues of Deborah number. The
dimensionless diameter of the extrudatc. ¢ (ratio of extrudate diameter to die
3S
diameter), are plotted as a function of non-dimensional axial position (Z = z / die
diameter), with Z = 0 is the exit of the die.
Capillary Ole, 0= 1 mm, T= 160·C
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Figure 3.1 Profiles of the extrudates as a function of vertical position from the die exit
at different values of De, D = I mm, T = 160°C. The distance between the tick mark
is equal to I (100%). Symbols refer to the experimental values and lines refer to trend
lines.
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Capillary Ole, 0= 1 mm. T= 190·C
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Figure 3.2 Profiles of the extrudates as a function of vertical position from the die exit
at different values of De, 0 = 1 mm, T = 190°C. The distance between the tick mark
is equal to 1 (100%). Symbols refer to the experimental values and lines refer to trend
lines.
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Figurc 3.3 Profiles of the cxtrudatcs as a function Ofycl1ical position from thc dic cxit
at diffcrcnt yalucs of Dc. 0 = Imm. T = 210°C. Thc distancc bctwccn thc tick mark
is cqual to 1 (1 oo~ 0). Symbols rcfcr to thc cxpcrimcntal yalucs and lincs refcr to trcnd
lincs.
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Capillary Die, D= 0.4 mm, T= 160'C
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Figure 3.4 Profiles of the extrudates as a function of vertical position from the die exit
at different values of De, D = 0.4 mm, T = 1GO°c. The distance between the tick mark
is equal to 1 (100%). Symbols refer to the experimental values and lines refer to trend
lines.
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Figure 3.5 Profiles of the extrudates as a function of\"ertical position from the die cxit
at ditTcrcnt \"alues of De. D = O.4mm. T = 190cC. The distancc bct\\'cen the tick mark
is cqual to I (lOOSo). S~ll1bols rcfcr to the experimental \"alues and lincs rcfcr to trcnd
lincs.
41
Capillary Ole, 0= 0.4 mm, T= 210·C
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Figure 3.6 Profiles of the extrudates as a function of vertical position from the die exit
at different values of Dc, D = 0.4 mm, T = 21 O°e. The distance between the tick mark
is equal to 1 (100%). Symbols refer to the experimental values and lines refer to trend
lines.
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Figure 3.i Protiles ofthc cxtrudatcs as a function of\'Crtical position from the die exit
at differcnt yalucs of Dc. lxS.5 111111. T = 160cC. The distancc bctwccn thc tick 111ark
is equal to I (1 OOS 0). S~l1lbols refcr to cxpcrimcntal nlucs and lincs refer to trend
lincs.
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Slil Ole, 1x8.5mm, T= 190·C
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Figure 3.8 Profiles of the extrudates as a function of vertical position from the die exit
at different values of De, 1x8.5 mm, T = 190°C. The distance between the tick mark
is equal to 1 (100%). Symbols refer to the experimental values and lines refer to trend
lines.
Silt 010, 1x8.5mm, T- 210'C
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Figure 3.9 Profiles of the cxtrudates as a function ofycrtical position from the die cxit
at diffcrcnt yalucs of Dc. lxS.5 mm. T = 21 OcT. The distance bct\\"een thc tick mark
is cqual to I (100{l~)). S~ll1bols rcfcr to thc cxpcrimcntal yalucs and lincs rcfer to trend
lines.
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The magnification for all the digital images was determined using a stainless
steel ruler placed right next to the die exit along the extrudate. For z = 0.25 mm or
larger, it is observed that extrudate diameter is greater than the die diameter. In order
to quantify the extrudate diameter as a function of z, image analysis software (Paint
Shop Pro) was used. Using the digital images of the extrudate the actual diameter of
jet at various axial locations was determined. The results for capillary and slit die
experiments at representative temperatures were presented in the figures above.
The swell diameters of the extrudate discharging from 1x8.5 mm die increase
monotonically with De. The curves are very close to each other, implying that the
..
diameter does not change with Z. On the other hand, extrudate discharging from
capillary dies, the swell diameter doesn't vary monotonic with Z. It increases and
decreases in diameter. As seen from the figures, above certain Deborah numbers, a
fluctuation in swell-diameter is observed along the axis of the extrudate.
For example, in Figure 3.1, extrudate diameters as a function of Z for various
Deborah numbers for a 1 mm capillary die are presented. The smallest De is 17.90
and the highest De is 21.86 for that particular die and temperature. The other Deborah
numbers are between these values. In Figure 3.10, for De = 17.90 and at T = 160°C, it
is seen that extrudate is \'Cry smooth and transparent. The corresponding graph for
that particular Deborah number shows that the diameter of the extrudate increases
linearly up to a certain Z location and then remains constant in diameter. For higher
Deborah numbers, such as De = 19.71 (Figure 3.11). extrudate surface becomes
distorted and the extrudate become more opaque. \\'hen the surface distortions occur
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the diameter of the extrudate shows fluctuation along the axis of the jet. The intensity
of such fluctuations increases as Deborah number increases, as shown in Figure 3.12
for De = 21.86. As Deborah number is increased further, the intensity of fluctuation
increase, extrudate diameter becomes larger, eventually melt fracture occurs (Figure
3.11 ).
,
Figure 3.10 Image of extrudate issuing from D = 1 mm at T = 160°C. De = 17.90.
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Figure 3.11 Image of extrudate issuing from D = 1 mm at T = 160°C, De = 19.71.
Figure 3.12 Image of extrudate issuing from D = 1 n1l11 at T = 160cC. De= 21.86.
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Figure 3.13 Profiles of the extrudates as a function of vertical position from the die
exit at three different values of De, D = 1 mm, T = 160°C. Symbols refer to the
experimental values and lines refer to trend lines.
Since the curves are very close to each other in Figure 3.1, it is hard to see the
fluctuations caused by melt fracture. In Figure 3.13 extrudate diameter is plotted for
three specific Deborah numbers in order to see the effect of De on the surface
structure better.
Experimcnts wcre done with a capillary dic with a diamctcr of 0.4 111m at thrcc
diffcrcnt tcmpcraturcs. Extrudatc surfacc was relativcly smooth for the capillary die
with a diamctcr of 1 mm, but for D = 0.4 mm capillary dic, it is intcrcsting to notc
,
that cxtrudatc surfacc was vcry distortcd as it was coming out from thc die cxit. Also.
sincc thc \"Clocity of thc cxtrudatc was vcry high in extrusion from 0.4 111m dic. \\"C
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faced with some problems in photographing. For these conditions, the De is
significantly larger. As it is seen in Figures 3.14, 3.15 and 3.16, there is some
haziness on extrudate surface. This is due to the fact that exposure times used in
experiments are too long. We tried to correct this problem to the extant possible. For
the large De flows through the 0.4 mm die (Figure 3.4), the fluctuations in diameters
are very clear. At some Z-locations, extrudate was so distorted that the local diameter
of the extrudate is smaller than the actual die diameter. Diameter variations below <P
..
= 1 brings out this idea. Figures 3.14, 3.15 and 3.16 show the behavior of the
extrudate surface for different Deborah numbers. Complete set of the digital images
gathered in this work are illustrated in the Appendix A.
Figure 3.14 Image of the extrudate issuing from D = 0.4 mm at T = 160'T. De=
- - -23.34.
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,Figure 3.15 Image of the extrudate issuing from D = 0.4 111m at T = 160°C, De =
26.26.
Figure 3.16 Image of the extrudate issuing from D = 0.4 111m at T = 160cC. De =
28.12.
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For flow with 1 mm x 8.5 mm slit die, die swell was observed as extrudate
discharged from a slit die. Extrudate with slit die hardly displayed melt fracture even
at higher De and but longitudinal stripes were quite evident at lower De. Since the
slit die is rectangular, extrudate has a thickness and a length unlike the capillary die.
Surface observations were made for across the longer side (width) only at various
distances from the die exit. As seen from Figures 3.7, 3.8 and 3.9, extrudate length
increases nearly linear with distance from slit die. Since there is no melt fracture
occurring on the surface, there is' no discemible fluctuation observed on plots. At
small Deborah numbers, extrudate is much more transparent and there are some
stripes on the surface. As the Deborah number increases, the number of stripes
increases so drastically that the extrudate becomes opaque.
For the slit die at 160°C, Deborah number values vary from 9.57 to 11.85. For
the Deborah number close to 9.57 (Figure 3.17), extrudate is very transparent and
there are just a few longitudinal stripes on the surface. The stripes almost look like
they are inside. In reality the stripes are a surface phenomenon on the extrudate has
becn observcd by Liang [1]. The critical Deborah number for the stripes is just bclow
9.57. After this particular Deborah numbcr, thesc stripe fonnations become marc
dominant and cventually affect the color of the extrudatc.
We detennined the wavelength of stripes at Z = 0.6 111111 and Z = 1.2 111111
locations downstreal11 the dic exit. The axial location is non-dimensionalized by L (Z
= z! L. Z is the non dimcnsional axial axial position. L is the die length). In this casc.
z = 5 111111 and z = 10 nlln corrcspond to Z =0.6 and Z = 1.2. respcctively. In sOl11e
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photographs, stripes are very clearly visible and distinct; it is east to measure the
wavelength. For some other photographs, however, the stripes are much clustered,
and so it is difficult to determine the wavelength. We presented the wavelength of the
stripes at three different Deborah numbers and two axial positions for each
experimental condition. The wavelength of stripes is measured in units of the length
of slit die. For example, as seen in Figure 3.17a, the digital photograph shows the
extrudate surface with stripes. For a certain axial location, the distance between the
stripes was measured and the dominant distance detennined. In Figure 3.17b, the
wavelength distribution is presented at two different Z locations. The dimensionless
wavelength is plotted against the number of stripes in order to find out the dominant
wavelength. For Z = 0.6 and Z = 1.2 the dominant wavelength of the stripes are about
0.02. Then we multiplied this result by slit die length to detennine the dimensional
wavelength. The spacing between the stripes is to be 0.17 mm. which is equal to 0.17
mm. As a result, at T = 160°C for De = 10.53, the stripes are placed 0.17 mm apart
from each other on the extrudate surface, and the distribution of the stripes along the
perimeter seems to be periodic.
In Figure 3.21, wavelength distribution is presented fot De = 0.61 at T =
190°C. In this example, dimensionless wavelength is detenllined to be 0.02 and 0.05
for Z = 0.6 and Z =1.2 respectively. Thus some of the stripes end or merge to yield
fe\\'er stripes and larger wavelength for larger axial distanced.
We also note that the number of stripes varies \\'ith Z and for some cases
increased with Z. For example. at 16WC. 54 stripes were counted at Z = 0.6 and 62
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stripes were counted at Z = 1.2. This shows that stripes are not continuous along the "~
extrudate surface. The stripes which are formed near the die exit can disappear away
from the die exit or new stripes can form away from the die exit.
In Table 3.1, we present a summary for the number of stripes and dominant
wavelength between stripes for different temperatures.
(a)
Wavelength Distribution at T=160·C, De=10.53
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Figure 3.17 1xS.5 111111 slit die at T = 160'T, De = 10.53. a) Extrudate surface near the
die exit. b) Wa\"c1ength distribution for the stripes fanned on the extrudate surface.
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Wavelentgh Distribution atl = 160·C, De 10.96
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Figure 3.1 S 1xS.5 111111 slit die at T = 160'T. De = 10.96 a) Extmdate surface near the
die cxit. b) Wayclength distribution for thc stripes fonncd on thc cxtmdate surfacc.
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Wavelength Distribution atT=160·C, De =11.26
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Figure 3.19 lxS.5 111111 slit die at T = 160°C, De = 11.26 a) Extrudatc surface near the
die cxit. b) Wa\'clcngth distribution for the stripcs fanned on the extrudate surfacc.
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Wavelength Distribution at T=190°C De = 0.58
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Figure 3.20 1x8.5 111111 slit die at T = 190c(, De = 0.58 a) Extrudate surface near the
die exit. b) Wa\"c1cngth distribution for the stripes fanned on the extrudate surt:1ce.
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(a)
Wavelength Distribution at T=190·C De=0.61
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Figure 3.21 1x8.5 111111 slit die at T = 190c C. De = 0.61 a) Extmdate surt:lce ncar the
dic cxit. b) Wa\"Clcngth distribution for the stripes fonncd on the cxtmdate surface.
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(a)
Wavelength Distribution at T=190·C De = 0.63
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Figure 3.22 Ix8.5 mm slit die at T = 190'T. De = 0.63 a) Extmdate surface ncar the
~ .
die exit. b) Wayelcngth distribution for the stripes fanned on the extmdate surt:1ce.
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(a)
Wavelength Distribution at T=21 o·e De 0.87
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(b)
Figure 3.23 lxS.5 mm slit die at T = 21 ace. De = 0.S7 a) Extrudate surface ncar the
die exit. b) WaYelcngth distribution for the stripes fanned on the extrudate surface.
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(a)
Wavelength Oistrubition T = 210·C Oe=1.01
1
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(b)
Figure 3.24 lxS.5 mm slit die at T = 210':C. De = 1.01 a) Extrudate surface near the
die exit. b) WayeIcngth distribution for the stripes fonncd on the extrudate SurC1CC.
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(a)
Wavelength Distribution T =210·C De = 1.07
Dimensionless Wavelength
(b)
Figure 3.25 1x8.5 111111 slit die at T = 210':'(. De = 1.07 a) Extrudatc surface near the
die exit. b) Wayc1ength distribution for the stripes fonncd on the cxtrudate surt:1ce.
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T= 160°C
De = 10.53 De= 10.96 De= 11.26
Z=O.6 Z= 1.2 Z=0.6 Z = 1.2 Z = 0.6 Z = 1.2
Number of Stripes
Counted 54 62 62 58 112 97
Dimensionless
Wavelength 0.02 0.02 0.02 0.02 0.01 0.005
T= 190°C
De= 0.58 De= 0.61 De= 0.63
Z=O.6 Z = 1.2 Z=0.6 Z = 1.2 Z=O.6 Z = 1.2
Number of Stripes
Counted 48 55 60 60 64 69
Dimensionless
Wavelength 0.02 0.02 0.02 0.01 0.01 0.02
T= 210°C
De= 0.87 De= 1.01 De= 1.07
Z = 0.6 Z = 1.2 Z=0.6 Z = 1.2 Z=0.6 Z = 1.2
Number of Stripes
Counted 48 58 54 60 51 61
Dimensionless
Wavelength 0.02 0.01 0.02 0.01 0.02 0.01
Table 3.1 Number of stripes counted and dimensionless wavelength for different
Deborah numbers.
The die swell for the slit (rectangular) die are more unifoml than in the
capillary die. Flow of a range of Deborah numbers were observed for the experiments
perfonlled at 160°C. The smallest Deborah number was De = 9.57 and the highest
was Dc = 11.85.
In Figure 3.27 and 3.28. it can be seen that thcrc are somc additional
distortions at thc right cdgc of thc extrudatc. Thcsc local surfacc distortions are
causcd by small amount of material accumulatcd ncar thc cxit of thc dic. Thcsc
matcrials wcrc rcmoycd. rcpcatcdly during thc cxpcrimcnts but thcy \\'crc rcfonllcd.
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Figure 3.26 Image of the extrudate issuing from lxS.5 mm slit die at T == 160°C, De =
9.57.
Figure 3.27 Image of the extrudate issuing from 1xS.5 mm slit die at T = 160'"C. Dc =
10.76.
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Figure 3.28 Image of the extrudate issuing from 1x8.5 mm slit die, T = 160°C, De =
11.85
D=1mm D = 0.4 mm 1 x 8.5 mm
160°C 190°C 210°C 160°C 190°C 210°C 160°C 190°C 210°C
De De De De De De De De De
17.90 0.80 2.48 23.34 0.88 3.94 9.57 0.49 0.69
18.67 0.81 2.71 24.46 0.91 4.36 9.93 0.55 0.80
19.15 0.82 2.89 24.95 0.91 4.68 10.25 0.58 0.87
19.71 0.83 3.00 25.68 0.92 4.98 10.53 0.60 0.92
19.98 0.84 3.13 26.26 0.93 5.25 10.76 0.61 0.97
20.32 0.84 3.25 26.60 0.94 5.44 10.96 0.63 1.01
20.68 0.85 3.38 27.03 0.94 5.56 11.11 0.63 1.04
20.97 0.85 3.46 27.26 0.95 5.72 11.26 0.64 1.07
21.15 0.86 3.52 27.63 0.95 5.88 11.40 0.64 1.09
21.51 0.86 3.68 28.12 0.96 6.11 11.63 0.65 1.15
21.86 0.87 3.79 28.64 0.96 6.34 11.85 0.66 1.18
Table 3.2 Summary of Deborah numbers detennined for different experiment
conditions.
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A summary of all flow conditions used in the present experiments (D, T, De)
are presented in Table 3.2. For the temperatures ranging from 1600 e to 2100 e, the De
range from 0.49 to 29.
We next examine the surface structure of the extrudate. At certain Deborah
numbers, surface of the extrudate distorts significantly and melt fracture begins to
form. First we will examine the results which were obtained from capillary die, D = 1
mm at 1600 e, 1900 e and 2100 e. As seen from the photographs, at small Deborah
numbers, surface of the extrudate is very smooth and transparent and they may still
have some surface defects in the fonn of sharkskin, but they do not manifest major
surface distortions. As Deborah number increases (De> 19.15, for D = 1 mm, T =
1600 e) melt fracture starts to fom1 (see Figure A.2 of Appendix A) and it becomes
obvious at around De = 21.86. The dominant wavelengths of melt fracture were
obtained by measuring diameter of the extrudate at numerous axial (Z) locations. For
each of these Z locations dimensionless extrudate diameter obtained were input into
MATLAB to compute FFT and the power spectrum. For Deborah numbers 17.90 and
18.67, since the surface is nearly smooth, there were no specific peaks in the FFT
output as shown in Figures 3.29 and 3.30. For the example shown in Figure 3.31 (De
= 21.86), there seems to be two peaks in the power spectrum around Z = 2.4 and 4.0.
This indicates that. the wavelength of the melt fracture is 2.5 x 1 mm = 2.5 mm. (D =
1 mm).
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Figure 3.29 Image of extrudate issuing from D = 1 mm at T = 160°C, De = 17.90.
Figure 3.30 Image of the extruadtc issuing from D = Imm. at T = 160cC. Dc = 18.67.
66
0=1 mm, T=160C, Oe=21.86
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Figure 3.31 Power Spectrum of the profile shown in Figure 2.12 for De
0.4 111m, T = 160°C.
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Figure 3.32 l111age of the extrudate issuing fr0111 D 1 111111 at T 160C C. De = 21.86.
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Figure 3.33 Power Spectrum of the extrudate shown
on the right.
Figure 3.34 Image of the extrudate issuing from D = 1 mm, at T =
190°C, De = 0.86
Figure 3.36 Image of the extrudate issuing from D = 1 mm, at T
= 210°C, De = 3.38
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Figure 3.35 Power Spectrum of the extrudate shown
shown on the right
For the 1 rnm capillary die, (D = 1 mID, T = 160°C), Deborah number varies
from 17.90 to 21.86. For De>19.71, melt fracture is visible and thusDecrit = 19.71 is
the critical Deborah number for the onset of the melt fracture at this temperature. For
the same die diameter but at a different temperature, T = 190°C, Dehorah number
varies from 0.80 to 0.87. At this temperature, we note that melt fracture occurs at a
critical Decrit = 0.84. For T = 21 O°C, the critical Deborah number for the onset of the
melt fracture is Decrit = 3.25.
The most obvious melt fracture were made during the experiments conducted
with the 0.4 rnm diameter die for, T = 160°C, 190°C and 210°C. The extrudate has
distorted and displayed melt fracture as it came out ofthe die. Below we present some
examples for these specific conditions. Since we have a lot of such results, we present
a few indicative ones here.
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Figurc 3.37 Powcr spcctrums of different Deborah numbers for D = 0.4 mm capillary
die at T = 160"C
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Figure 3.38 Power spectrums of different Deborah numbers for 0 = 0.4 m111 capillary
die at T = 190cC
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Figure 3.39 Power spectrums of ditTerent Deborah numbers for D = 0.4 mm capillary
die at T = 210"(
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The surface structure of the extrudate from the capillary die for D = 0.4 mm is
quite complicated. It has more than one particular melt fracture length. For the
present data based on FFT analysis, we considered the most frequent or the highest
energy peak values to be the ones of dominant wavelength. The dominant
wavelengths for the 0.4 mm die at 160°C vary between 1.25 and 4.3, for 190°C from
0.6 to 1.88 and for 210°C between 1.25 and 3.75 non-dimensional units.
Pressure measurements were also conducted for all value of Deborah numbers
at all temperatures used in the experiments for various shapes and size of dies.
Instantaneous pressure was recorded at locations far upstream of the die exits during
the extrusion process for 180 seconds. We only present here pressure signals for 1
mm capillary die at T = 160°C for three representative Deborah numbers. At De =
17.90, the surface of the extrudate is very smooth and there is no melt fracture. The
nominal pressure value is around 10,790 kPa with the fluctuation in the order of about
1% at this flow rate. As Deborah number increases to De = 20.97, the absolute value
of the pressure increases but the magnitude of fluctuations remain about the same.
We note that the critical De for the onset of melt fracture is Decrit = 19.71 for the
capillary die with D = 1 mm at T = 160°C. Hence, the extrudate manifests melt
fracture at this flow rate. Nevertheless, the pressure signal does not indicate
noticeable difference with respect to the magnitude of fluctuation in time. Similarly,
the pressure signal at De = 21.86 shows almost similar characteristics. This is the
reason why we do not present all the pressure data acquired at all experimental
conditions.
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Figure 3.40 Pressure measurements for capillary die (0 = 1 mm) for three Deborah
numbers. Symbols refer to measured pressure values, lines refer to the trend lines.
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CH~
DISCUSSION
Extrudate of LLDPE issuing from capillary dies and a rectangular slit die has
been observed photographically. Spatial characteristics of LLDPE jets are depicted by
using digital image processing of the potographs near the die exit and far away from
the die exit. Flow visualization experiments of the polymer reveal the development of
purely elastic instabilities. These lead to surface distortions such as sharkskin, melt
fracture and stripes that are nearly unifonnly spaced across the extrudate for the
rectangular slit die. For both capillary and rectangular slit dies, die swell was
observed but not stripes even at low Deborah numbers. The surface distortions such
as melt fracture and sharkskin fonn at the die exit and continue along the extrudate
jet.
Die swell was observed at all Deborah numbers and temperatures for all sizes
and shapes used. The extrudate diameter just downstream of the die was larger than
the actual die diameter for all Deborah numbers. The flow rates in question exceeded
the critical Deborah number for the observed phenomenon. In the experiments
perfonned with the Ix8.5 mm rectangular slit die, data was obtained only along the
long side (8.5 111m width) of the die. Detailed analysis can be done on the shorter
Imm side of thc dic also.
Melt fracture was obscrvcd in thc cxtrudatc discharged from both capillary
dies. It was not obseryed for thc slit die (possibly because wc concentratcd only on
the widc side of the extrudatc). The melt fracturc fonncd on thc cxtrudate surface
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varied in magnitude, with some exceptional situations. We believe extrudate velocity
(or De) affects the uniformity of melt fracture on the extrudate surface. The dominant
non-dimensional wavelength of the melt fracture varied from 0.25 to 5. At some
Deborah numbers, extrudate surface was very smooth with no melt fracture. Above a
critical Deborah number, melt fracture was about to foml. For the 1 mm capillary die
(D = 1 mm) and T = 160°C, among the critical Deborah number, Decritical = 19.71 for
the fonnation of melt fracture. Intensity of melt fracture increases as De is increased
above 19.71. For D = 1 mm and T = 190°C and T = 2l0oe, critical Deborah numbers
were 0.84 and 3.25, respectively. For D = 0.4 mm, and T = 160°C, 190°C and 2l oDe,
the experiments were all above the critical Deborah number for melt fracture and thus
melt fracture was observed for all these Oows. By perfomling FFT of the
experimental data, we quantified the non-dimensional wavelength of the melt
fracture. It is observed that the non-dimensional wavelength of melt fracture varies
from 0.25 to 5. At some experimental conditions, we noted multiple melt fracture
wavelengths on the same extrudate surface. The dominant peak in the FFT results was
used to identify the dominant melt fracture wavelength
For the experiment with the 1x8.5mm rectangular die, die swell and
wavelength distribution of stripes on the surface was quantified. As seen in the
photographs, stripes are the salient feature on the extrudate surface here. \Ve
measured the number of stripes fonned on the extrudate surface and also detennined
the wavelength distribution at different axial (Z) locations. We noted that the number
--~
of stripes at certain Z locations i~-rliffcrent from other Z locations. The number of
"\
stripes at a non-dimensional axial position of Z = 0.6 can be smaller or larger than the
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number of stripes at Z = 1.2. This indicates that the stripes which formed near die exit
can disappear or reappear at locations away from the die exit. We also quantified the
dimensionless wavelength of the stripes (0.02 to 0.04) and the dominant wavelength
(0.02). Per our results the wavelength distribution does not have a wide variation for
the conditions considered here.
SUMMARY
The following is a summary of experimental results obtained for the flow of
LLDPE from capillary and rectangular dies.
• LLDPE flow from capillary dies with diameters of 1 mm and 0.4 mm and a
rectangular slit die with dimensions of 1x8.5mm have been studied in the
present work. Experiments were conducted at three different temperatures,
namely 160°C, 190°C and 210°C.
• Digital photographs were undertaken to visualize the surface distortions such
as die swell, stripes and melt fracture. The software Paint Shop Pro was used
to view and quantify the images.
• Die swell was observed for all flow conditions used here. For a capillary die
with a diameter of 1 mm, the ratio of the maximum extrudate diameter to the
die diameter was observed to be 1.5 and for the capillary die with a dimateter
of 0.4 mm, it is around 2. Deborah numbers for these particular experiments
varied from 0.80 to 21.86 and from 0.88 to 28.64 respectively.
• At low Deborah numbers, melt fracture was not observed on the surface of the
extrudate for the 1 mm capillary die. At larger Deborah numbers, the surface
of the extrudate becomes distorted and melt fracture starts to fonn along the
surface. For D = 1 mm. at T = 160°C, the critical Deborah number was DC.:rit =
19.71 for the fonnation of mclt fracture. For the same die diamctcr and at T =
190''( and T = 21 ace. the critical Deborah numbcrs are 0.84 and 3.25.
respectiycly. for the onset ofmc1t fracture.
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• For D = 0.4 mm, melt fracture was observed for all Deborah numbers in the
present work. Even for the lowest Deborah number, the melt fracture was
observed. Hence, we can not report the critical value of De for the formation
of melt fracture in these experiments.
• For the flow conditions considered here for capillary dies, the dimensionless
wavelength of melt fracture varied from 0.25 to 5.
• Experiments were also conducted with a lx8.5 mm rectangular slit die at three
different temperatures. For the rectangular die, extrudate has a thickness
unlike capillary die. Surface observations were made across the larger side
only.
• It was observed that extrudate width is larger than the slit die width as it
discharged from slit die. In this case, all the current flow conditions were
above the critical Deborah number for stripe fonnation and die swell. Die
swell ratio was around 1.5. Stripes were observed at lower Deborah numbers
and at higher Deborah numbers the number of these stripes increased so much
that the surface was opaque.
• Digital images were used to quantify the stripes on the extrudate and their
wavelength at various axial locations. It is obscrved that the numbcr of stripes
at Z = 0.6 and Z = 1.2 are not equal to each othcr. Dimcnsionlcss wavelength
ofthc stripes is unifonn and is about 0.02.
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APPENDIX A
DIGITAL IMAGES FOR VARIOUS FLOW
CONDITIONS
so
Near Die Exit Far Awa from Die Exit
~~
(a)
Figure A.I D = I mm, T = 160°C, De = 18.67
(a)
Figure A.2 D = 1 111m, T = 160°C, De = 19.15
(b)
(a)
Figure A.3 0 = 1 111m. T = 160°C. De = 19.71
Sl.
(b)
Near Die Exit
(a)
Figure A.4 D = 1 mm, T = 160°C, De = 19.98
t
(a)
Figure A.5 D = 1 mm, T = 160°C, De = 20.32
(b)
~
(b)
(a)
Figure A.6 D = 1 mm. T = 160cC. De = 20.6S
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(b)
(a)
Figure A.7 D = 1 mm, T = 160°C, De = 21.15
(b)
(a)
Figure A.S D = 1 mm, T = 160°C, De = 21.51
(b)
(3)
Figure :'\.9 D = 1 111111. T = 160°C. Dc = 21.86
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(b)
Near Die Exit Far Away from Die Exit
(a)
Figure A.1 0 D = 1 mm, T = 190°C, De = 0.80
(b)
(a)
Figure A.11 D = 1 mm, T = 190°C, De = 0.81
(b)
(a)
Figure A.12 D = 1 111111, T = 190°C. De = 0.82
84
(b)
Near Die Exit Far Away from Die Exit
"..
(~ (b)
Figure A.13 D = 1 mm, T = 190°C, De = 0.83
(a) (b)
Figure A.14 D = 1 mm, T = 190°C, De = 0.84
(a) (b)
Figure A.15 D = 1 mm, T = 190"C. De = 0.S5
S5
Near Die Exit
(a)
Figure A,16 D = 1 mm, T = 190°C, De = 0.86
(b)
(a)
Figure A,17 D = 1 mm, T = 190°C, De = 0.87
(b)
(a)
Figure A.18 D = 1 mm. T = 210 cC. De = 2.48
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(b)
Near Die Exit Far Awa ' from Die Exit
~~ !
(a)
Figure A.19 D = 1 mm, T = 21Ooe, De = 2.71
(b)
(a)
Figure A,20 D = 1 111111, T = 21 ooe, De = 2.89
(b)
(a)
Figure :'\.21 D = 1 111m. T = 21 oce. De = 3.00
Sf
(b)
(a)
Figure A.22 D = 1 mm, T = 210ce, De = 3.13
~
(a)
Figure A.23 D = 1 mm, T = 21 oce, De =3.25
(b)
(a)
Figure A.24 D = 1 mm. T = 210'T. De = 3.3S
SS
(b)
(a)
Figure A.25 D = I mm, T = 210°C, De = 3.46
(b)
(a)
Figure A.26 D = 1 mm, T = 210°C, De = 3.52
(b)
(a)
Figure A.27 D = I 111111. T = 21 oce. De = 3.6S
S9
(b)
Near Die Exit
(a)
Figure A.28 D = I mm, T = 210oe, De = 3.79
(a)
Figure A.29 D = 0.4 mm, T = 160oe, De = 23.34
(b)
(3)
Figure A.30 D = 0.4 111m. T = 160°C. Dc = 24.46
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(b)
Near Die Exit
(a)
Figure A.28 D = 1 mm, T = 210°C, De = 3.79
(a)
Figure A.29 D = 0.4 mm, T = IGO°C, Dc = 23.34
(b)
(3)
Figure :\.30 D = 0.4 mm, T = IGOcC, De = 24.46
90
(b)
(a)
Figure A.31 D = 0.4 mm, T = 160°C, De = 24.95
(b)
(a)
Figure A.32 D = 0.4 mm, T = 160°C, De = 25.68
(b)
(a)
Figure :\.33 D = 0.4 111m. T = 160''(. De = 26.26
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(b)
Near Die Exit Far Away from Die Exit
.~
.-
.
(a)
Figure A.34 D = 0.4 mm, T = 160°C, De = 26.60
(b)
(a)
Figure A.35 D = 0.4 mm, T = 160°C, De = 27.03
(b)
(a)
Figure A.36 D = 0.4 111111. T = 160C'C. De =27.26
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(b)
Near Die Exit Far Away from Die Exit
(a) (b)
Figure A.37 D = 0.4 mm, T = 160°C, De = 27.63
(a)
Figure A.38 0 = 0.4 mm, T = 160°C, De = 28.12
(b)
(a)
Figure :'\.39 0 = 0.4 111111. T = 190cC. De = O.SS
93
(b)
(a)
Figure A.40 D = 0.4 mm, T = 190°C, De = 0.91
(b)
(a)
Figure A.41 D = 0.4 mm, T = 190°C, Dc = 0.92
(b)
(3)
Figure A.42 0 = 0.4 mm. T = 190cC. Dc = 0.93
94
(b)
Near Die Exit Far Away from Die Exit
(a) (b)
Figure A.43 D = 0.4 mm, T = 190°C, De = 0.94
(a) (b)
Figure A.44 D = 0.4 mm, T = 190°C, De = 0.95
(a) (b)
Figure :\.45 D = 0.4 mm, T = 190°C. De = 0.96
95
(a)
Figure A.46 D = 0.4 mm, T = 210oe, De =3.94
(b)
(a)
Figure A.47 D = 0,4 111111, T = 21 ooe, Dc =4.36
(b)
(a)
Figure A.4S D = 0.4 111111. T = 21 oce. De = 4.6S
96
(b)
(a)
Figure A.49 D = 0.4 mm, T = 21 ooe, De =4.98
(b)
(a)
Figure A.50 D = 0.4 mm, T = 21 ooe, De = 5.25
(b)
(a)
Figure A.51 D =0.4 111111. T = 21 ace. De = 5.44
97
(b)
Near Die Exit Far Away from Die Exit
~
(a) (b)
Figure A.52 D = 0.4 mm, T = 210°C, De = 5.56
(a) (b)
Figure A.53 D = 0.4 mOl, T = 210°C, De = 5.72
(a) (b)
Figure A.54 D = 0.4 mm. T = 21 oce. Dc = 5.88
98
(a)
Figure A.55 D = 0.4 mm, T = 2IOoe, De = 6.11
from Die Exit
~
~
~
(b)
(a)
Figure A.56 D = 0.4 mm, T = 21 ooe, De = 6.34
99
(b)
Near Die Exit
(a) (b)
Figure A.57 lx8.5 mm, T = 160°C, a) De = 9.57, b) De = 9.93
(a) (b)
Figure A.58 lxS.5 ml11, T = 160°C, a) De = 10.25, b) De = 10.53
(a) (b)
Figure A.59 1xS.5 111m. T = 160°C. a) Dc = 10.76. b) Dc = 10.96
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Near Die Exit
(a) (b)
Figure A.60 1x8.5 mm, T = 160°C, a) De = 11.11 , b) De = 11.26
(a) (b)
Figure A.61 1x8.5 mm, T = 160°C, a) De = 11.40, b) Dc = 11.63
Figure A.62 IxS.5 111m. T = 160;-:C. De = I I.S5.
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Near Die Exit
(a) (b)
Figure A.63 1x8.5 mm, T = 190°C, a) De = 0.49, b) De = 0.55
(a) (b)
Figure A.64 1x8.5 mm, T = 190°C, a) Dc = 0.58, b) Dc = 0.60
(a) (b)
Figure :'\.65 lxS.5 111111. T = 190cC. a) Dc = 0.61. b) Dc = 0.63
102
Near Die Exit
(a) (b)
Figure A.66 1x8.5 mm, T = 190°C, a) De, = 0.64, b) De = 0.65
Figure A.67 1x8.5 mm, T = 190°C, De = 0.66
(a) (b)
Figure A.68 1x8.5 ml11. T = 210'C. a) Dc = 0.69. b) De = 0.80
103
Near Die Exit
(a) (b)
Figure A.69 lx8.5 mm, T = 210°C, a) De = 0.87, b) De = 0.92
(a) (b)
Figure A.70 lx8.5 mm, T = 210°C, a) Dc = 0.97, b) Dc = 1.01
(~ (b)
Figure :\.71 lxS.5 111m. T = 2l0cC, a) Dc = 1.04, b) Dc = 1.07
104
Near Die Exit
(a) ) (b)
Figure A.72 lx8.5 mm, T = 210°C, a) De = 1.09, b) De = 1.15
Figure A.73 lx8.5 mm, T =210°C, De = 1.18
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